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Abstract: Describing the hydraulic conductivity of unsaturated soil is very important in predicting
water transport. Most current models have complex forms and generally need to be calibrated by
the measured unsaturated hydraulic conductivity curve. A simple model, by which it is possible to
conveniently predict the unsaturated hydraulic conductivity, is proposed in this study. The soil-water
characteristic curve and hydraulic conductivity curve are separated into three parts. The soil-water
characteristic curve is represented by Fredlund and Xing’s equation. A simple model composed of
three lines is proposed for estimating the hydraulic conductivity of unsaturated soil. The model
parameters can be conveniently calibrated from the measured soil-water characteristic curve and
saturated hydraulic conductivity. Finally, the proposed model is validated by the experimental data
from different soils. The proposed model provides a simple approach to estimating the hydraulic
conductivity of unsaturated soil, which is more convenient for practical application.
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1. Introduction

Geotechnical problems and geological hazards at the earth’s surface are often closely
related to water transport through soils, such as rainfall-induced settlements and land-
slides [1-4]. The majority of the natural soils are generally unsaturated [5]. Hence, a
reasonable description of the hydraulic conductivity of unsaturated soils is critical to
accurately predicting the water movement [6,7].

A direct measurement of the unsaturated hydraulic conductivity is the most accurate
method. The commonly used methods include horizontal infiltration, outflow, evaporation
and instantaneous profile [8]. However, these methods are time-consuming and costly,
especially for a low water content [9]. Therefore, numerous studies have proposed models
for estimating the unsaturated hydraulic conductivity. The majority of these models
(including empirical, macroscopic and statistical models) have been established by bridging
the soil-water characteristic curve (SWCC) with the hydraulic conductivity curve [10]. The
statistical models are the most widely used ones, being based on the capillary flow and
free-associative pores [9,11,12]. Childs and Collis-George [13] proposed the Childs and
Collis-George model in terms of the Kelvin capillary model and the Hagen—Poiseuille
equation. Since then, various statistical models have been proposed [6,14-20]. However,
the construction of these models was based on the capillary flow in the low suction range.
Thus, they cannot describe the situation where the adsorptive water film flow dominates
for the high suction range [21,22].

To improve the estimation of the hydraulic conductivity, which is dominated by an
adsorptive water film flow in the high suction range, Tokunaga [23,24] derived a hydraulic
conductivity model based on the planar thin film dynamics. Since this model has explicit
physical meaning, many studies have combined it with statistical models to predict the
hydraulic conductivity over a wide suction range [25-31]. Lebeau and Konrad [25] adopted
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the Mualem model to account for the capillary flow, and constructed a new equation for
calculating the adsorptive water flow which included the effects of ionic-electrostatic forces
and molecular forces. Wang et al. [26-28] used the hydraulic conductivity at the critical
suction point as a reference in simplifying the model of water film flow, and they also used
the Mualem model to calculate the capillary flow. Gou et al. [31] proposed a more precise
model accounting for the adsorptive water film based on micromechanics, and they used
the Mualem model to predict the capillary flow as well. These models have a good ability to
estimate the hydraulic conductivity over a wide suction range. However, the forms of these
models are relatively complex. Additionally, these models used the Mualem model with
scaling parameters, which need to be determined by the measured unsaturated hydraulic
conductivity curve. These obstacles limit the application of these models in practice.

This study aims to propose a simple and convenient hydraulic conductivity model
for unsaturated soil. Firstly, the soil-water interaction mechanisms are explained, and ac-
cordingly, the soil-water characteristic curve and hydraulic conductivity curve are divided
into three parts. Secondly, Fredlund and Xing’s equation is used to describe the soil-water
characteristic curve. Thirdly, a simple piecewise function is proposed for estimating the
hydraulic conductivity of unsaturated soil. Fourthly, a calibration approach for the model
parameters is introduced. Finally, the performance of the proposed model is validated with
experimental data from different soils.

2. Methods
2.1. Soil-Water Interaction Mechanisms

Two distinct soil-water interaction mechanisms exist in unsaturated soil: capillarity
and adsorption. The capillarity results from the difference between the inner water pressure
and the outer air pressure (as caused by the surface tension), and the adsorption stems from
four interactions involving the water film and the soil particles: electric double layer, van
der Waals, and the surface and cation hydration potentials [31]. The electric double layer
and van der Waals potential are commonly known as ionic-electrostatic and molecular
potential, respectively [25]. The residual suction is generally regarded as the boundary
between the capillarity and adsorption. Accordingly, the soil-water characteristic curve
(SWCC) and the hydraulic conductivity curve can be divided into the capillary and adsorp-
tive dominant regions [26,32]. Furthermore, due to the different shapes of the capillary
water, the capillary dominating region can be separated into the boundary effect zone and
the transition zone [33]. Figure 1 shows the soil-water interaction mechanisms, a typical
soil-water characteristic curve and a hydraulic conductivity curve.

When the suction is smaller than the air-entry value, almost all pores in the soil
are water-filled, and the soil falls within the boundary effect zone. In the boundary
effect zone, the hydraulic conductivity is only slightly reduced, as compared with the
saturated one. As the suction further increases, the filled water in the large pores becomes
discharged and replaced by air, a large amount of pendular water appears between the soil
particles, and the soil enters the transition zone. Many previous studies have shown that
the hydraulic conductivity in the transition zone decreases almost linearly with the suction
in the log—log scale [11,25,31]. As the suction exceeds the residual one, the water in the soil
mainly exists in the form of an adsorptive water film, and the adsorption will dominate the
soil-water interactions in this range. In this adsorptive dominant region, the thickness of the
water film decreases with increasing suction, and the hydraulic conductivity is recognized
to be decreasing linearly with increasing suction in the log-log scale as well [26,29,30].
In addition, when the suction is smaller than the transition suction ‘I’f, the hydraulic
conductivity is entirely dependent on the capillary flow [31].
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Figure 1. Soil-water interaction mechanisms: (a) soil-water characteristic curve; (b) hydraulic conductiv-
ity curve (modifications of [25,31,33]). Parameters ¥, ‘I’f and ¥, are the air-entry value, transition suction
and residual suction, respectively. Parameter k;, is the soil hydraulic conductivity, and parameters k. and

k, are the capillary and adsorptive components of the hydraulic conductivity, respectively.

2.2. Soil-Water Characteristic Curve Model

An accurate description of the soil-water characteristic curve over a wide suction
range is the basis for the estimation of the hydraulic conductivity. Many SWCC models
have been proposed [34]. A four-parameter SWCC equation was proposed by Fredlund
and Xing [35], which can effectively describe the SWCC over the wide suction range by
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introducing a correction function. Fredlund and Xing’s equation, in terms of suction (¥)
and degree of saturation (S;), is written as follows:

o Cy)
r — n m
{inle+ ()]}
4
1n(1 + C—,)
106
In (1 + 1 )
where e is the natural constant; « is a parameter that is related to the air-entry value; m and
n are parameters that are associated with the SWCC shape; C(¥) is the correction function;

C, is not the precise residual suction value. It is more reasonable to consider C, as a fitting
parameter that is associated with the residual suction [36].

(1)

Cly)=1- 2)

2.3. A Simple Model for Estimating the Hydraulic Conductivity of Unsaturated Soil

According to the soil-water interaction analysis, the hydraulic conductivity curve of unsat-
urated soil is divided into the boundary effect zone, transition zone and adsorptive dominant
region by four critical points including the minimum suction at measurable saturation, air-entry
value, residual suction and the highest suction. Specifically, the hydraulic conductivity in the
boundary effect zone decreases slightly compared with the saturated one. Furthermore, the
hydraulic conductivities of the transition zone and the adsorptive dominant region decrease
approximately linearly on the log-log scale with different slopes. Consequently, the hydraulic
conductivity curve can be simplified as three straight lines (Figure 2), and a simple piecewise
model of the hydraulic conductivity is proposed as follows:

log ks = log kwa + %(log ks —logkya) forp < i,

logky = logkuwr + %(log kwa —logkyr) for pa < < ¢, (3)

log ki = log kym + %(log kiwr —logkuwm) forp > ¢,
where ¥, ¥, ¥, and ¥, are the minimum suction at measurable saturation, air-entry value,
residual suction and the highest suction (i.e., 10° kPa), respectively. ks, kyq, kyr and kyyy, are the
permeabilities corresponding to the suctions of ¥s, ¥, ¥, and ¥, The saturated hydraulic
conductivity is commonly obtained by direct measurements using constant head tests or falling
head tests. The critical step is to determine the values of kyy, kyr and kyy,.

_ (W, Kya)

(Vs ks)

Hydraulic conductivity, k,, (log sacle)

Suction,  (log scale)

Figure 2. The proposed simple piecewise model of hydraulic conductivity. Parameters ¥s, ¥, ¥
and ¥, are the minimum suction, air-entry value, residual suction and highest suction, respectively.
ks, kya, kwr and kyyyy, are the hydraulic conductivities corresponding to the suctions of ¥, ¥,;, ¥ and
Y, respectively.
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Soil pores are almost water-filled in the boundary effect zone, and the hydraulic con-
ductivity in this zone decreases slightly compared with the saturated one. For simplicity, it
is suggested that the filled-water flow in this zone follows Darcy law. Thus, the hydraulic
conductivity is proportional to the water cross-section area per unit area of the soil. Fur-
thermore, the length of the water flow path is assumed to be invariable in the boundary
effect zone, so the degree of saturation is equal to the ratio of the water cross-section area at
an unsaturated state to that at a completely saturated state. Accordingly, the variation in
the degree of saturation can be used to represent the variation in the water cross-section
area, which can approximately characterize the change in the hydraulic conductivity in
this zone. Hence, the hydraulic conductivity that corresponds to the air-entry value can be
estimated by Equation (4):

kwa = Smks (4)

where ky, is the hydraulic conductivity at ¥,; ks is the saturated hydraulic conductivity; Sy,
represents the degree of saturation at ¥,, whose expression is as follows:

_ In(14¢a/Cr)
In(1+10°/C,)

- {In[e + (a/a)"] }"

where a, m, n and C, are model parameters in Fredlund and Xing’s equation; and e is the
natural constant.

Furthermore, according to Lebeau and Konrad [25] and Gou et al. [31], the capillary
component and adsorptive component in Figure 1b intersect roughly at the residual suction,
which indicates that the hydraulic conductivity at the residual suction is approximately
double the size of the adsorptive component. Additionally, Figure 1b shows that the
hydraulic conductivity at very high suction depends almost entirely on the adsorptive
water flow. Therefore, the hydraulic conductivities k;» and kyy, can be determined by the
adsorptive water flow as follows:

)

Sra

kwr = Zkar (6)

where kg, and kg, are hydraulic conductivities at the residual and maximum suction; k; is
the adsorptive component of the hydraulic conductivity at the residual suction; and kg, is the
adsorptive component of the hydraulic conductivity corresponding to the maximum suction.

A classic hydraulic conductivity model of the adsorptive water film flow proposed
by Tokunaga [23,24] is adopted to calculate the adsorptive component of the hydraulic
conductivity, which is presented as follows:

4pug1—n' 4
k pr— 8
) f 8)

where k; is the adsorptive component of the permeability; p, is the water density,
pw = 1000 kg/m?; jy, denotes the water viscosity, y, = 1.005 x 1073 Pa-s; ¢ denotes the
gravity acceleration, ¢ = 9.8 m/s?; n’ is the porosity; d, is the equivalent diameter for soil
particles; and f denotes the thickness of the adsorptive water film. Equation (8) shows
that the key to estimating the adsorptive component of the hydraulic conductivity is to
determine the thickness of the adsorptive water film f and the equivalent diameter for
soil particles d,.

The thickness of the adsorptive water film is mainly dependent on the potential of
the adsorptive water film. For a planar thin water film, its potential at the high suction
is approximated by the disjointing pressure, which is considered to be identical to the
suction [37]. Although the potential of the adsorptive water film includes four components,
only the ionic-electrostatic (i.e., electric double layer) and molecular (i.e., van der Waals)
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potentials are considered in the studies of the thin water film flow [25,38], which can be
expressed by the following equations [39,40]:

_ Asvl 1
=~ ©)
_ €& tkgT zi
e = 2 ( ze ) f2 (10)

where I1;, denotes the molecular potential; I, denotes the ionic-electrostatic potential;
f denotes the thickness of the adsorptive water film; e denotes the static relative permittivity
of water, € = 78.54; ¢y denotes the permittivity of free space, ¢y = 8.85 x 107122y l.m 1
T denotes the Kelvin temperature, T = 293.15 K; kp denotes the Boltzmann constant,
kg = 1.381 x 10723 J/K; z denotes the ion charge, z = 1; Ay, denotes the Hamaker constant,
Ag1 = —6 x 1072 J in this study; and e denotes the electron charge, e = 1.602 x 10~ C.
Furthermore, the ratio of the molecular potential to the ionic-electrostatic poten-
tial for various adsorptive water film thicknesses has been calculated and is presented in
Figure 3. The molecular potential, I1,,, is found to be much higher than the ionic-electrostatic
potential, I'l,, for a very thin water film. However, the value of I1,, /11, decreased rapidly
for an increase in water film thickness, and the ionic-electrostatic potential becomes much
larger than the molecular potential for a relative thick water film. This variation in Pr, /Pe
with adsorptive water film thickness is consistent with the results reported by Lu and
Zhang [37]. Since the adsorptive water film thickness increases with a decreasing suction,
for simplicity, it is suggested that the potentials of the adsorptive water film at the residual
suction and the highest suction are approximated by the ionic-electrostatic potential and
the molecular potential, respectively. Therefore, according to Equations (9) and (10), the
adsorptive water film thicknesses at the residual suction and at the highest suction can be

expressed as follows:
_ Je&g kgT\ 1
=) .

o Asvl
o= (g 12

where f, is the thickness of adsorptive water film at the residual suction ¥,; and f;, is the
thickness of adsorptive water film at the maximum suction ¥ .

W=

1 6 " Il " 1 L 1

14 4 L
12 -
10 g

1,,/T1,
(o]
1
T

0 T T T
0 5 10 15 20
Adsorptive water film thickness, f (nm)

Figure 3. The variation in I, /I1, with the adsorptive water film thickness. The parameters IT,; and
I, are the molecular and ionic-electrostatic potentials, respectively.
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In addition, Lebeau and Konrad [25] derived the expression of the equivalent diameter
of the soil particles. The specific surface area of the polydisperse sample can be estimated
in terms of the soil-water characteristic data at high suction as follows [21]:

1
. nlsrm,m Agvl 3
4s = 1—n' ( 67T m (13)

where A is the specific surface area; n’ is the porosity; Agy is the Hamaker constant; ¥, is the
suction value, which corresponds to the situation where the capillary condensation caused by
surface roughness is negligible, which is approximately taken as 10* kPa [21]; and Sy, is the
degree of saturation at ¥, which can be calculated in the following equation:

ln(1+1l7m,m /Cr)
In(1+10°/C;)

{In[e + (Ymm/a)"]}"

(14)

Srm,m =

Furthermore, the specific surface area of the monodisperse sample composed of the
identical spherical particles is approximated by 6/d. [25]. Assuming the polydisperse
sample has the same specific surface area as the monodisperse sample, then the expression
of the equivalent diameter of the polydisperse sample can be derived as follows [25]:

de:6(1—n’)( Asol )3 1 5)

n O67TY,m Srm,m

As a consequence, combining Equations (6)-(8) and (11)—(15), equations for the hydraulic
conductivities at the residual suction and at the highest suction are obtained as follows:

1
| 4pug 2o\ (kg [ Asi \ |/ s
Kur = [mw(z) ( - T (7978 ) (16)
1
| 2008 . Asol . Asol 3 /
kwm = l3nyw< 67Tll7m> ( 67‘[1[),,1,,,1) ] (7’1 Srm,m) (17)

where ky; and kyy, are hydraulic conductivities at the residual and maximum suction.
Notably, the parameters in the brackets [...] of Equations (16) and (17) are generally
considered to be constants. Therefore, these equations can be furthermore simplified to the
following formulas:

keor = 1.962 x 102 (n’¢;1-5srm,m) (18)
keom = 9.647 x 1072 (1’ Sy ) (19)

As a consequence, by substituting Equations (4), (18) and (19) into Equation (3), a
simple hydraulic conductivity model is achieved.

log ki = log(Sraks) + M[log(l/sm)] for p < i,

log(s/a)

— — 1 / r rahs
log kiy = 1og[1.962 x 1072 (1, Srn,m) | + % log{l.%leoZs(n]fllir‘l‘5srm,m)} } forya < ¥ < ¢r (20)

1.962x1072 (1, 1)

log kw = lOg [9647 X 10715(71/57111’"1)] + m{log 9647><1015:| } for l/} > l/]y

where the porosity 1’ is a fundamental physical parameter; Sy, and Sy, can be calculated
by Equations (5) and (14); ¥;,m is commonly set to be 10* kPa; ¥, is commonly set to
0.01 kPa, 0.1 kPa or 1 kPa representing the minimum suction of the measured SWCC.
The air-entry value ¥, and the residual suction y, can be conventionally calibrated by the
measured SWCC. This proposed model can, thus, predict the hydraulic conductivity of
unsaturated soil over a wide suction range. Moreover, it is unnecessary to calibrate the
scaling parameter by the measured unsaturated hydraulic conductivity curve.
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dSr

d(log y)

dS,,f
d(log l,bf)

= _¢1n(10){ Cr(1+9/C)In(1+10°/Cr) * afe+ (p/)"] {Infe+ (w/a)"]}" "

= _l;bf 11’1(10)

2.4. Parameter Calibration

Four parameters of the SWCC model in this study need to be calibrated, including a,
m, n and C,. These parameters can be easily determined by fitting the measured SWCC
with the least-squares method. In addition, three parameters in the proposed hydraulic
conductivity model should be calibrated, including the saturated hydraulic conductivity ks,
the air-entry value ¥, and the residual suction ¥,. The saturated hydraulic conductivity ks
can be easily measured by the conventional constant head test or falling head test. In the
present study, an approach for the calibration of ¥; and ¥, has been developed based on
the studies by Zhai and Rahardjo [41,42].

As can be seen in Figure la, ¥, is generally considered to be the intersection of the
horizontal line corresponding to the saturated state and the tangent line through the inflection
point. Also, the residual suction is generally determined by the intersection of the tangent line
through the inflection point with the straight line through the SWCC at the high suction [41,42].
The horizontal line corresponding to the saturated state is easily determined as follows:

S, =10 (21)

The inflection point is the point with the maximum slope of SWCC (in the logarithmic
scale), which also corresponds to the zero value of the second-order derivative of SWCC.
Hence, the suction of the inflection point can be obtained by solving Equation (22):

d*s, d*s, ds,
—— =1In(10 In(10)y + ——In(10)| =0 (22)
Tog g7~ 1R010)% | F (1009 + G n(10)

Since the correction function C('¥) mainly affects the high suction range, it is reasonable
to use the three parameters of Fredlund and Xing’s equation without any correction function
for the resolution of the inflection point suction, which greatly simplifies the solution of
Equation (22). By substituting Fredlund and Xing’s equation without any correction
function into Equation (22), a simplified equation can here be obtained:

m+1 (p/a)" (p/a)"
n n + n
Infe+ (p/a)"] e+ (p/a)" e+ (p/a)
where a, m, n and C, are model parameters in Fredlund and Xing’s equation; and e is the

natural constant.
By replacing the term e + (¢/a)" by t, Equation (23) can be simplified as:

(m+1)(t—e)—elnt =0 (24)

~1=0 (23)

Equation (24) can then be easily solved using the Newton iteration method, with at
most five iterative steps. The inflection point suction ¥y is, thereby, obtained.

Furthermore, the slope of the tangent line through a point of SWCC (in a semi-
logarithmic coordinate) can be derived as follows:

{Infer (pry )y /)" 1 e }

(25)

By substituting the value of ¥rin Equations (1), (2) and (25), the degree of saturation and
the slope of the tangent line at the inflection point can be obtained by Equations (26) and (27):

In(1+y7/Cr)

1 2TV
B In(1+109/C,)
Srf = [In(e+1)]" (26)
n\1—Mm In(1+y/Cr
CICHCZ0N) I -

m+1

Cr(1+47/C) In(1+108/C;) ale+ (tpf/a)”} in(e+ (wf/“)nﬂ
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d(log 3000)

where S, is the degree of saturation at the inflection suction ¥y, and dS,¢/d(log¥y) is the
slope of the tangent line at the inflection point Y. Moreover, the tangent line through the
inflection point can be expressed by Equation (28):

dSrf 3
ose)) (log  — log ) (28)

As suggested by Zhai and Rahardjo [41,42], the straight line of the SWCC at the
high suction is determined by the suction of 3000 kPa. By substituting ¥ = 3000 kPa in
Equations (1), (2) and (25), the expression of this straight line can then be obtained
as follows:

Sy = Srf+

_ dS;3000
Sr = Sy3000 + m(log ¥ —1og 3000) (29)
1 _ In(1+3000/C,)
In(1+105/C,
Sr3000 = DHO/C) (30)

{In[e + (3000/a)"] }"

+
Cr(143000/C;)In(1+10°/Cr) ~ 3000[e + (3000/a)"] {In[e + (3000/a)"] }"*"

. n-1[; _ In(143000/C,)
dS,3000 — 3000 11’1(10) { {11’1 [6 + (3000/0()”] } ml’l(3000/0¢) [1 Tn(11+10°/C,) } } 31)

where S,3900 is the degree of saturation at the suction of 3000 kPa and dS;300/d(log'¥3000)
is the slope of the tangent line at the suction of 3000 kPa. Furthermore, by combining
Equations (20), (27) and (28), expressions for y, and y, are formed:

||
Yo = PyloL B resty) (32)
ds ds
Sr£=513000— d(lo;;f) log ¢ ¢+ d(lug'ig%%(]) log 3000
DSrf . dSizon
P =10 d(logy¢) * d(log ¥3000) (33)

where ¥, ¥, and ‘Pf are the air-entry value, residual suction and inflection point, respec-
tively; S,rand Sy3000 are the degree of saturations at the inflection suction and the suction
of 3000 kPa; dS,¢/d(log¥y) and dSy3000/d(log¥3000) are the slopes of the tangent lines at the
inflection point and the suction of 3000 kPa.

3. Results

In this section, the hydraulic conductivities of different soils have been estimated by
using the proposed hydraulic conductivity model. The experimental data of different soils
were collected from previous studies. The porosities, saturated hydraulic conductivities
and references of these soils are presented in Table 1. Also, the validation of the proposed
model has been evaluated by using the coefficient of determination (R?) for the estimated
values versus experimental data. R? has been widely used to evaluate the quality of fitting
of models in practice, and its expression is presented as follows [43]:

{log kyi —log IAcwl} :

=
N
I
—_
I

3 (34)

M=z (L=

[log kwi — log sz}

~

where N is the number of experimental data points; k,,; and k;; are the estimated and
measured hydraulic conductivities corresponding to the experimental data point i; and
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kyi is the average of the measured hydraulic conductivities. The closer the value of R? is
to 1, the better the predictive effect of the model.

Table 1. Soil porosities, saturated permeabilities and references of experimental data.

Porosity Saturated

Soil Name Reference Hydraulic Conductivity

n’ ks (m/s)

Berlin medium sand Nemes et al. [44] 0.388 7.30 x 1075
Booischot loamy sand Nemes et al. [44] 0.437 142 x 1077
Helecine silt loam Nemes et al. [44] 0.443 6.30 x 107
Sandy loam Pachepsky et al. [45] 0.43 9.26 x 10~/
Clay loam Pachepsky et al. [45] 0.5 7.52 x 1078
Gilat loam Mualem [46] 0.44 2.0 x 107°
Yan’an loess (silty clay) Tian et al. [7] 0.47 6.43 x 1077

In the present study, the detailed calculation procedure is as follows: (i) the measured
SWCC is fitted by Equations (1) and (2), and the parameters of the SWCC model are ob-
tained; (ii) the values of ¥, and ¥, are calculated by Equations (21)—(33); (iii) by substituting
the suctions of ¥, and ¥, in Equations (5) and (14), their corresponding degree of satura-
tion (Sy; and Syy,1,) can be calculated; (iv) the estimated hydraulic conductivity is acquired
by substituting the parameters 1, Sya, Srmm, Yimm, ¥s, ¥a, ¥r and ks in Equation (20). The
fitted parameters of the SWCC for the different soils are presented in Table 2.

Table 2. Fitted parameters of the SWCC for the different soils.

Soil Name a m n C, ¥, (kPa) Y, (kPa) Y, (kPa) Yon,m (kPa) Sra (%) Stimm (%)
Berlin medium sand 3.715 0432 69.32 10.578 0.1 2.65 5.16 10,000 93.5 2.64
Booischot loamy sand 6.6 0.443  4.567 4.225 0.1 4.59 22.88 10,000 91.4 7.85
Helecine silt loam 3416 0523 0.828 6.209 0.1 0.59 179.76 10,000 924 14.29

Sandy loam 13.195 1417 1.114 1.6 x 10° 0.1 3.37 133.48 10,000 90 5.7

Clay loam 40.609 0.843  0.652 330.225 0.1 8.2 1344.87 10,000 90.5 19.08
Gilat loam 4.832 0323 7.888 2.811 0.1 3.83 11.84 10,000 91.6 9.59
Yan’an loess (silty clay)  10.82 1.273 1386  1.65 x 1016 1 3.784 87.641 10,000 90.4 5.66

As shown in Figure 4, the R? values are larger than 0.98 and the fitted SWCCs are
highly consistent with the experimental data, which verifies the good applicability of
Fredlund and Xing’s equation to different soils. Figure 5 shows the estimated hydraulic
conductivities together with the corresponding experimental data. It can be seen that the
measured hydraulic conductivity curves of different soils are approximately in the form of
three segments, which are consistent with the proposed hydraulic conductivity model. Note
that the inflection points of estimated hydraulic conductivities are almost exactly coincident
with the experimental results, which indicates that the proposed parameters calibration
method can accurately determine the air-entry value and residual suction and proves again
that it is reasonable to divide the hydraulic conductivity curve by air-entry value and
residual suction. Furthermore, it can be seen that the estimated hydraulic conductivities
agree quite well with the experimental data, with an R? value larger than 0.83. This good
agreement exists throughout the whole suction range. This result demonstrates a good
performance of the proposed model in the estimation of the hydraulic conductivity of sand,
silt and clay over a wide suction range. Moreover, it can be seen that even though the suction
range of the measured SWCCs is relatively small, the estimated hydraulic conductivity curve
also shows good agreement with the experimental data over the wide suction range. For
example, Figure 5g shows a well-estimated hydraulic conductivity curve in the whole suction
range, while the suction of measured SWCC in Figure 4g is less than 300 kPa.



Appl. Sci. 2024, 14, 1254 11 of 14

10-17 L L L L
10° 10" 102 10° 10* 105 10°
Suction, i (kPa)

S . : : : S - - . . S : . : .
;}1001 (@)1 ;)i1001 (b) (‘011001
_g 80 R2=0.999 g _5 80 R?=0.98 A _S 80
£ oo} Beriin medium sand {  § 60 1 5 e0
& a0l 1 2 40 1 2 40
o o o
g 20 1 8 20T Bogischot loamy sand ] 8 20 Helecine silt loam 1
8 0 1 i 1 T 8’ 0 1 1 1 1 g) 0 il 1 1 1
2 01 1 10 100 1000 2 01 1 10 100 1000 = 0.1 10 100 1000
Suction,  (kPa) Suction,  (kPa) Suction, y (kPa)
;’)\1001 (d) ;}1001 (e)+ ;}100
< 80 R?=0.998 | € 80f R?=0.999 | S 80
€ 60 1 B oeof 1 5 o0
© ® ©
2 40 {1 2 40} 12 4
o o o
8 20 Sandyloam 8 201 Clay loam 1 8 20 Gilat loam
§ 0 L L L § 0 L L ul L ul L % 0 L L L L L
10" 10° 10" 102 10° 10* 10° 10" 10° 10! 102 10° 10% 10° 10° 2 0. 1 10 100 1000 10000
Suction, y (kPa) Suction, y (kPa) Suction, y (kPa)
9 : :
;f. 100¢ (9)
S 80 R?=0.999 -
= ® Experimental data
2 60 .
g 40 ] —— Fitted SWCC
(o]
g 20 van'an loess (silty clay) ]
j5] 0 1 1
N 10 100
Suction, y (kPa)
Figure 4. Fitted SWCCs for different soils: (a) Berlin medium sand; (b) Booischot loamy sand;
(c) Helecine silt loam; (d) Sandy loam; (e) Clay loam; (f) Gilat loam; (g) Yan’an loess (silty clay).
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Figure 5. Estimated hydraulic conductivity functions for the selected soils: (a) Berlin medium sand;
(b) Booischot loamy sand; (c) Helecine silt loam; (d) Sandy loam; (e) Clay loam; (f) Gilat loam;
(g) Yan'an loess (silty clay).
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4. Discussion

In the present study, based on the analysis of the soil-water interaction mechanisms
over a wide suction range, a simple model for estimating the hydraulic conductivity of
unsaturated soil has been proposed. The results have demonstrated that the proposed
model has a good ability to estimate the hydraulic conductivity of different unsaturated
soils with satisfactory accuracy. Compared with existing approaches, the proposed model
has a simpler form composed of three straight lines. Furthermore, all parameters of the pro-
posed model can be conveniently calibrated by the measured SWCC and saturated hydraulic
conductivity, and it is unnecessary to calibrate the scaling parameter by the measured unsatu-
rated hydraulic conductivity curve as the existing approaches [30]. Therefore, the proposed
model can more conveniently estimate the hydraulic conductivity of unsaturated soil over a
wide suction range, which will facilitate the application of unsaturated seepage in practice.

The estimation accuracy of the proposed model is associated with the determination
of the air-entry value and residual suction based on the measured SWCC. The parameters
calibration approach in this study mainly focuses on the unimodal SWCC, which cannot
determine the residual suction of the bimodal SWCC. Additionally, this study does not
consider the influence of hydraulic hysteresis on the hydraulic conductivity. Further studies
on these aspects are needed in the future.

5. Conclusions

A simple model for estimating the hydraulic conductivity of unsaturated soil has been
proposed in the present study, and the main conclusions are summarized below.

(1) Depending on the different soil-water interaction mechanisms, the soil-water charac-
teristic curve and the hydraulic conductivity curve can be divided into three segments:
the boundary effect zone, transition zone and adsorptive dominant region, where the
air-entry value and residual suction are two inflection points.

(2) A simple hydraulic conductivity model for unsaturated soil composed of three straight
lines has been proposed. Model parameters can be conveniently calibrated by the
measured SWCC and the saturated hydraulic conductivity.

(3) The estimated results, in comparison with the corresponding experimental data, have
shown that the proposed model performs well in the estimation of the hydraulic
conductivity of different types of soils over a wide suction range.

(4) Compared with existing approaches, the proposed hydraulic conductivity model
has a simple form, and it is unnecessary to calibrate the scaling parameter by the
measured unsaturated hydraulic conductivity curve.
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